With the aim of reducing the size and increasing the energy efficiency of absorption chillers, the use of microporous membrane technology in these systems is at present under study. In particular, the simulation of a H 2 O-BrLi absorber using porous fibers for the heat and mass transfer between the solution and the vapor phase is considered in the present work. Heat and mass transfer process are modeled by means of selected correlations and data gathered from the open literature. Using the model developed, a simulation of the absorber is performed using typical operating conditions of absorption cooling chillers.
INTRODUCTION
Absorption chillers and heat pumps have received growing attention over the last few decades as they allow the use of low-grade heat to produce a cooling effect, with no (or minimal) mechanical power consumption. For example, absorption cooling machines can use waste heat or excess heat from solar collectors in the form of hot water for cooling purposes. In buildings, this could help to optimize the solar thermal energy in the summer period reducing the electricity consumption peak due to air-conditioning. Nevertheless, their use is limited, compared to mechanical refrigeration systems, as they are generally larger in size and that limits to a great extend their use in low and medium power applications. For instance a typical value for the volume to refrigeration power ratio in single effect absorption chillers is in the order of 0.04 m 3 /kW (without considering the volume occupied by the cooling system) for refrigeration capacities between 10 to 30 kW, whereas mechanical compressor systems can have a ratio equal to 0.02 m 3 /kW for the same range of refrigeration capacities. This is a clear inconvenient for the generalization of the absorption technology use limiting its benefits in the contribution to the reduction in CO 2 emissions, particularly for the H 2 O-LiBr solution which can work with low heat temperature sources as provided by solar panels.
The absorber is one of the most performance limiting and volume demanding components of absorption systems. In the absorber the concentrated liquid solution absorbs the refrigerant vapor that comes from the evaporator. The main challenge in designing and operating these devices is to maximize the mass transfer rate by getting as much interfacial area as possible. Several configurations for the liquid and vapor streams in the absorber have been proposed in order to increase the heat and mass transfer in the liquid solution: falling films, bubbles, sprays and droplets, liquid jets and sheets, etc... All of them nevertheless present relatively low heat and mass transfer coefficients and lead to large, heavy and rigid heat exchangers. In order to avoid this large volume concern, attempts have been made to scale down the size using, for example, compact heat exchangers, as Plate Heat Exchangers. At present a promising new technology is under study, consisting in the use of membrane contactors in microchannel heat exchangers.
Membrane based absorbers use a microporous polymeric membrane at the solution-refrigerant vapor interface. In the membrane many small diameter pores avoid mixing between vapor and solution, while allow the gas and solution to be in contact. Surface tension prevents the solution from entering the holes, while the gas diffuses to the solution surface through the pores. In the absorber, the gaseous fluid (typically ammonia or water) passes the membrane and is absorbed by the solution (NH 3 -H 2 O or H 2 O-LiBr respectively) flowing inside constrained flow passages. The vapor pressure difference across the membrane is the driving force for vapor transfer. If the partial pressure of the vapor inside the solution is less than the vapor pressure, it is absorbed at the interface between solution and vapor. Compared with conventional absorption devices there are several advantages of using microporous fiber modules for vapor absorption. These include larger interfacial area per unit volume, independent control of vapor and liquid flow rates, easier scale up, modular design and compactness.
Concerning ammonia-water systems, Chen et al. (2006) theoretically modeled and simulated an absorber using hollow fiber membranes and compared the results to a plate heat exchanger falling film type absorber. In their model, they considered the ammonia-water concentration across this microporous membrane as the driving potential of the refrigerant. The comparisons of fluid phase heat and mass transfer coefficients of both devices revealed that the vast interfacial area feature of the membrane solution is the major reason for achieving higher absorption performance. Schaal et al. (2008) experimentally investigated a NH 3 -H 2 O absorber using a hollow fiber hydrophobic microporous membrane in order to get basic design data. Ghiasi et al. (2009) conducted experimental research to investigate the absorption of ammonia vapor into the solution with the main objective of the absorber optimization within the whole refrigeration system and the optimization of the system performance.
In H 2 O-LiBr applications, tested an absorber using a superhydrophobic nanofibrous membrane with nominal pore size of 1 micron and 80% porous. They obtained an absorption rate of about 0.006 kg/m 2 s, using channels of 100 micron thickness and a flow velocity of 5 mm/s. presented a study on the efficacy of highly porous nanofibrous membranes for application in membrane-based absorbers and desorbers. Permeability studies showed that membranes with a pore size greater than about 1 micron are valid for application in the absorber. Ali and Schwerdt (2009) investigated experimentally and analytically the characteristics and properties of commercially available microporous hydrophobic membranes, their influence on the water vapor (refrigerant) mass transfer flux into thin films of aqueous lithium bromide-water solution as well as the limits for utilization in compact absorber design for absorption chillers. Yu et al. (2012) numerically investigated the performance of a membrane-based absorber using the H 2 O-LiBr solution. They showed that several folds enhancement in the absorption rate can be achieved respect to conventional absorbers. When the film thickness was reduced from 150 to 50 microns, the absorption rate increased 3-fold. When the solution velocity was quadrupled, the average absorption rate increased 50%. Bigham et al. (2014) showed that mass transport in the microfilm solution could be improved by the implementation of micro-scale features on the flow channel surface. Recently a review of membrane contactors applied in absorption refrigeration systems has been reported by Asfand and Bourouis (2015) .
According to the literature review, in order to optimize the process and maximize the vapor absorption rate, detailed studies about the role of the relevant parameters in the absorption process are still necessary. In the present investigation, the water-lithium bromide solution has been selected. This working pair is adequate for evaporation temperatures higher than 0ºC (air conditioning processes) and is the widest used solution worldwide. Moreover, these systems can be fed with low temperature heat. The present study focuses therefore in the absorber modeling of the heat and mass transfer in the micropourous membrane coupled with the cooling of the solution in a H 2 O-LiBr absorber.
HEAT AND MASS TRANSFER MODELS
The configuration considered for the absorber in the present study is shown in Fig. 1 and Fig. 2 . It is a plateand-frame membrane module with geometrical data and operating variables as described in Table 1 . It consists of a vapor channel, the contact membrane, the solution and cooling water channels separated by a stainless steel wall. Water-lithium bromide solution is used.
and J is the absorption rate:
P v and P s are the bulk vapor pressure and the water vapor partial pressure corresponding to the bulk solution concentration (x) and temperature (T s ). The overall mass transfer resistance between the bulk water vapor and bulk aqueous solution (R ov ) includes the resistance to diffusion through the aqueous solution boundary layer (R s ) and resistance to diffusion of water vapor through the membrane active layer (R m ). Both resistances act in series:
Taking into account the case analyzed in this work, where a transition between Knudsen and Poiseuille flows is present in the membrane pores, a parallel system is obtained for the resistances to mass transfer inside the membrane ( Fig. 3 ): The equivalent mass resistance of the membrane can be obtained as
where the first term, in Eq. (7) is the contribution of Knudsen flow to the mass transfer and the second one that of the Poiseuille flow.
In Eq. (7), all resistances can be calculated as in Eq. (8), because parallel channels of rectangular crosssection are considered, being K the mass transfer coefficient:
According to the Dusty-Gas model, described in Mason and Malinauskas (1983) and applied by Yu et al. (2012) to a similar problem, the mass transfer coefficient through the membrane K m , can be estimated as:
Where the diffusion term can be evaluated as:
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And the molar viscous flow contribution can be calculated from:
In Eq. (9), M is the molecular weight of water, e m is the membrane thickness, R is the universal gases constant and µ v refers to the vapor viscosity. In Eq. (11) and (12), ε and τ are the porosity and tortuosity of the membrane, respectively. Tortuosity of the membrane is calculated as a function of the membrane porosity, according to Iversen et al. (1997) :
Resistance to mass transfer inside the bulk solution R s can be calculated according to Ali and Schwerdt (2009) , as:
where P sat is the saturated water pressure corresponding to the bulk solution temperature, ρ w is the liquid water density and k s is the mass transfer coefficient between the solution-vapor interface and the bulk aqueous solution. This last parameter is calculated using the correlation derived by Schuster et 
where:
and:
u is the solution velocity at the interface and v,i u is the vapor velocity at the same position. In this study the last velocity is considered to be negligible.
In Eqs. (16) and (17), D h is the hydraulic diameter, ρ, u and µ are the density, velocity and viscosity of the solution, respectively, and D refers to the diffusion coefficient of water in the solution. In this study, the diffusion coefficient was corrected by temperature using the equation 
Parameter b in Eq. (20) is the molality, obtained from:
M LiBr is the molecular weight of the lithium bromide.
Heat Transfer Model
Energy rate balance applied to the differential element j is written as:
Left term in Eq. (22) 
Nu . Re Pr =
The average thermal conductivity of the membrane k m,a is calculated using the equation given by Martínez and Rodríguez-Maroto (2006):
In Eq. (37), k v is the thermal conductivity of the vapor inside the membrane pores, while k m is the thermal conductivity of the membrane solid material, in this case equal to 0.22 W/mK.
The heat and mass transfer models described in previous sections have been implemented in Engineering Equation Solver software, EES™ (Klein, 2014) . Thermodynamic properties of water-lithium bromide solution have been calculated using EES, which uses correlations developed by Patek and Klomfar (2006) for all properties, except for viscosity and thermal conductivity. In this case EES uses correlations provided by DiGuilio et al. (1990) . Thermodynamic properties of water also are calculated using EES and the correlation of Harr et al. (1984) and transport properties using correlations from Electrical Research Association (1967) . Thermal conductivity of stainless steel AISI347 is calculated using data of Ho and Chu (1977) .
RESULTS AND DISCUSSION
Results are shown for calculated variables at different distances from the channel entrance, using co-fluxes configuration.
In Fig. 4 the variation of the absorption rate along the channel is represented simultaneously with the solution concentration change. The decrease in LiBr mass fraction describes the water vapor absorption process. The decrease is similar to the one found in Yu et al. (2012) . At the channel entrance when the higher pressure potential is available (Fig. 5 ) the absorption rate is higher. This value tends to decrease as the solution absorbs the vapor along the channel, and the driving potential (the difference in pressure) decreases. This is confirmed by the evolution of the pressure potential shown in Fig. 5 , which decays almost exponentially. Variation of the solution and cooling water temperature along the absorption channel is shown in Fig. 6 . The release of the heat of absorption is high near the entrance of the channel and at first the temperature of the solution increases quickly. Nevertheless, beyond approximately 5 cm in the channel, as the absorption rate decays and the heat is diffused to the cooling water channel, the bulk temperature of the solution increases slowly. If the cooling water flow rate is reduced, temperature trends similar to those found by Bigham et al. (2014) are obtained. According to Fig. 7 , where the evolution of the thermal power transferred to the cooling water and vapor and stored in the solution along the absorption channel is represented, in the first 3 cm of the channel, most of the power is stored in the solution. After 5 cm length (corresponding to the solution temperature variation commented in relation to Fig. 6 ), heat is most effectively transferred to the cooling water. The contribution of the power transferred to the vapor is two orders of magnitude smaller. An experimental test rig is being constructed at present in Universidad Carlos III de Madrid (UC3M), Spain, in order to validate the simulated results and evaluate the capabilities of different types of micro heat exchangers configurations, membranes and operating conditions.
CONCLUSIONS
In the present paper a simulation of the heat and mass transfer processes taking place in a miniaturized absorber using membrane technology has been developed. The following conclusions have been derived:
• High mass transfer rates are obtained using the configuration analyzed, higher than some studies reported in the open literature using conventional falling film absorbers.
• The first 5 cm of the absorption channels are the most active for mass transfer.
• Correlations used in the model to predict heat and mass transfer coefficients have a high influence on the results obtained. An experimental validation is required.
• Mass fraction changes of about 2% are obtained for the conditions simulated in the present study using an absorber of 20 cm length.
• The absorber simulated has dimensions of 0.3 x 0.2 x 0.022 m 3 , corresponding to an absorption chiller of 448 W cooling capacity. Dimensions can be considerably reduced optimizing the design. 
